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RESUMO 
A avaliação das interações microbianas é de suma importância para a compreensão 
do desenvolvimento de biofilmes e seu controle. Na forma estruturada de biofilmes, 
bactérias estão aderidas às supefícies recobertas com película de saliva e 
continuam interagindo com as demais espécies no fenômeno de coadesão e 
coagregação. Essas interações ocorrem via moléculas denominadas adesinas, 
presentes na superfície dos micro-organismos. Dois importantes grupos de adesinas 
são o receptor de polissacarídeos RPS (do inglês Receptor of Polysaccharide) 
presente em Streptococcus oralis (So) e as fímbrias na superfície de Actinomyces 
oris (Ao), bactérias colonizadoras iniciais de dentes, próteses e mucosa. Ambas 
possuem papel essencial na adesão bacteriana à película de saliva, na interação 
com demais micro-organismos e na formação de biofilmes. O relacionamento desses 
micro-organismos e a base molecular das interações com o fungo Candida albicans 
é motivo de estudo. Os objetivos deste estudo foram avaliar as interações 
microbianas entre S. oralis (So), A. oris (Ao) com C. albicans (Ca) e o papel de RPS 
e fímbrias tipo I e II nas comunidades mistas. Para isto, foram organizadas 
combinações duo e tri-espécies entre os micro-organismos em cepas silvestres: I 
(Ao + Ca), II (So + Ca) e III (So + Ao + Ca) e com cepas mutantes que não 
expressam RPS e fímbrias I/II: IV (Ao ∆Fim + Ca), V (So ∆RPS + Ca), VI (Ao ∆Fim + 
So + Ca) e VII (Ao ∆Fim + So ∆RPS + Ca). Também foram desenvolvidos biofilmes 
mono-espécie de cada micro-organismo. Os micro-organismos cresceram em 
suspensão (planctonicamente) por 3 h em meio YPTG (YNB, peptona e triptona em 
tampão fosfato suplementado com glicose) e as interações presentes foram 
avaliadas por meio de microscopia de fluorescência. Os biofilmes foram 
desenvolvidos sobre discos de resina de polimetilmetacrilato (PMMA) e sobre 
lâminas de vidro, recobertas com película de saliva (2 h) e cresceram em mesmo 
meio até 24 h. A viabilidade celular foi determinada pela biomassa em biofilmes de 7 
h e por Unidades Formadoras de Colônias (UFC/mL) em biofilmes de 1,5 e 24 h. O 
desenvolvimento e distribuição espacial dos micro-organismos foram avaliados pelas 
microscopias óptica, confocal a laser e de fluorescência. So e Ao interagem entre si 
na forma silvestre e diferentes formações de biofilmes foram observadas na 
presença de uma ou duas bactérias mutantes. Todas as bactérias interagem 
planctonicamente com Ca nas combinações e não competem por sítios de ligação 
na superfície do fungo. A presença de Ca em biofilmes duo-espécies influencia o 
aumento da comunidade bacteriana e a formação de biofilmes em cepa mutante de 
Ao, bem como as bactérias estimulam o crescimento de hifas. Biofilmes tri-espécies 
contendo cepas mutante se reorganizam para permitir o crescimento de todas as 
cepas. Com base nestes resultados, conclui-se que as bactérias colonizadoras 
iniciais So e Ao interagem entre si e com C. albicans na formas planctônicas e de 
biofilmes, porém as interações interespécies são independentes das adesinas RPS 
e fímbrias I/II. 
Palavras-chave: Biofilmes, Adesinas, Candidíase, streptococcus, actinomyces. 
ABSTRACT 
 
The evaluation of microbial interactions is extremely important to understand the 
communities development and control them. As biofilm form, bacteria are adhered to 
salivary-pellicle covered-surfaces and still interacting with other species via 
coadhesion and coaggregation. These interactions occur due to adhesins molecules 
present onto microorganisms surfaces. Two important adhesins are the Receptor of 
Polysaccharide (RPS) in Streptococcus oralis (So) and fimbriae onto Actinomyces 
oris (Ao) surface, both bacteria are first colonizers of oral surfaces. These adhesins 
have essential role in bacterial adhesion onto the pellicle, in the interaction with other 
microorganisms and on biofilm formation. Their relationship and the molecular base 
of interactions with the fungus Candida albicans are still under investigation. The 
aims of this study were to evaluate the interactions between S. oralis (So), A. oris 
(Ao) with C. albicans (Ca) and the role of RPS and Fimbriae I/II planktonically and as 
biofilms. Combinations of dual and triadic species in wild types and mutants strains 
lacking RPS and Fimbriae types I and II were designed for that: I (Ao + Ca), II (So + 
Ca), III (So + Ao + Ca), IV (Ao ∆Fim + Ca), V (So ∆RPS + Ca), VI (Ao ∆Fim + So + 
Ca) and VII (Ao ∆Fim + So ∆RPS + Ca). Mono-species biofilms were developed as 
well. The microorganisms were grown planktonically for 3 hours in YPTG medium 
(YNB, peptone, triptone in phosphate buffer supplemented with glucose) and the 
interactions were evaluated by fluorescence microscopy. The biofilms were 
developed onto resin discs and glass cover slips coated with salivary pellicle (2 
hours) in the same medium until 24 hours. The viability was determined by biomass 
in 7 hours biofilms and Colony-forming units (CFU/mL) in 1.5 and 24 hours biofilms. 
The temporal development and microbial distribution were evaluated by confocal, 
optical and fluorescence microscopies. So and Ao interacted as wild types and 
particular biofilm formation was observed in the presence of one or two mutant 
strains. All bacteria interacted planktonically with Ca in all combinations and do not 
compete for binding sites onto fungal surface. The presence of Ca in biofilms 
influenced the bacterial community improvement, Ao mutant strain to biofilm 
formation and bacteria stimulated hyphal growth. There is a distinct distribution and 
cell prevalence in three-species biofilms containing mutant bacteria. Therefore, it can 
be concluded that first colonizers bacteria So and Ao interact with Ca planktonically 
or within biofilms, although the interspecies interactions are RPS and fimbriae 
independent.  
 
Key words: Biofilms, Adhesins, Candidiasis, streptococcus, actinomyces. 
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1 INTRODUÇÃO 
Biofilmes orais são comunidades formadas por micro-organismos 
aderidos à película de saliva que recobre dentes e próteses, e que estão imersos 
numa matriz rica em materiais oriundos de seu metabolismo e do hospedeiro 
(Harriott e Noverr, 2011). São comunidades mistas, formadas por variadas bactérias 
e fungos, sendo Streptococcus spp um dos principais gêneros presentes (Jenkinson 
e Douglas, 2002). Geralmente 60 % das bactérias denominadas colonizadoras 
iniciais das superfícies orais são Streptococcus oralis, Streptococcus gordonii e 
Streptococcus mitis (Kolenbrander, 2002). S. oralis é comensal na cavidade oral, 
porém considerado patógeno oportunista, relacionado com doenças sistêmicas, 
como a endocardite e a meningite (Nobbs et al., 2009). Os demais 40 % estão 
divididos entre outras espécies, dentre elas Actinomyces spp. e predominantemente 
Actinomyces oris (Actinomyces naeslundii genótipo 2) (Henssge et al., 2009), 
também comensal e patógeno oportunista, relacionado com cárie de raiz. Dentre os 
colonizadores iniciais, Streptococcus spp. também são os primeiros a colonizar a 
película (Kolenbrander, 2002).  
No momento inicial da formação de biofilmes orais, colonizadores iniciais 
interagem com superfícies recobertas com película de saliva por meio das forças de 
Van der Waals e ligações hidrofóbicas (Rompen et al., 2006; Siqueira et al., 2012). 
Estas ligações são inespecíficas e podem até ser fortes, porém se fossem as únicas 
a ocorrer, todos os micro-organismos poderiam se aderir de forma semelhante às 
superfícies orais, e isto não ocorre (Kolenbrander, 2002; Nobbs et al., 2009). As 
bactérias interagem de forma específica com a película e esta interação se dá 
através do reconhecimento entre as moléculas de adesão presentes em sua 
superfície e as proteínas presentes na película. Desta forma, estas ligações são 
mais fortes e “irreversíveis”.  
Oligossacarídeos ou proteínas de superfície denominadas adesinas 
mediam a adesão específica entre os micro-organismos com mucinas, proteínas 
ricas em prolina (PRP) e alfa-amilase presentes na película de saliva, formando as 
primeiras camadas do biofilme que são predominantemente bacterianas (Prakobphol 
et al., 2000). Estas ligações em Streptococcus spp. ocorrem entre peptídeoglicanos 
ou polissacarídeos de sua superfície com o N ou C-terminal de proteínas, o que faz 
estas espécies apresentarem variadas adesinas e receptores. O Antigen I/II (em 
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inglês), por exemplo, é responsável pela adesão às proteínas das películas, bem 
como ligações a fungos e células humanas (Nobbs et al., 2009). A superfície de A. 
oris é recoberta por proteínas em prolongamentos, denominadas fímbrias dos tipos I 
(Fim P) e II (Fim A), responsáveis por interações com proteínas da saliva, células 
vermelhas do sangue e algumas espécies de Streptococcus (Mishra et al., 2010). As 
fímbrias do tipo I são responsáveis pela adesão de actinomyces às PRP presentes 
na película (Clark et al., 1989).  
Ligações específicas também fazem parte do processo de 
desenvolvimento e maturação dos biofilmes, nas quais os micro-organismos 
reconhecem e interagem fisicamente com diferentes espécies microbianas e 
desenvolvem as camadas do biofilme (Kolenbrander et al., 2011; Jenkinson, 2011; 
Nobbs et al., 2011). Estas ligações podem ocorrer entre espécies distintas que estão 
suspensas na cavidade oral, através do reconhecimento de seus receptores e 
consequente aglutinação das espécies, e também entre uma espécie suspensa e 
outra já aderida à película. Os dois fenômenos são denominados coagregação e 
coadesão, respectivamente (Kolenbrander, 2002).  
Neste contexto, as fímbrias do tipo II em A. oris são responsáveis pela 
interação com fosfopolissacarídeos da parede celular de Streptococcus do grupo 
Mitis que expressam os linkages GalNAcβ1-3Gal ou Galβ1-3GalNAc (Yoshida et al., 
2006; Mishra et al., 2010). Assim, as fímbrias de A. oris contribuem tanto para a 
formação inicial quanto para o desenvolvimento de biofilmes (Mishra et al., 2010). O 
receptor de polissacarídeo RPS (do inglês Receptor of Polysaccharide) em S. oralis 
contém os linkages responsáveis pela interação com A. oris e consequentemente, 
formação das primeiras camadas do biofilme (Cisar et al., 1997). Devido à presença 
de fímbrias e sacarídeos, as espécies S. oralis e A. oris são estimuladas a coagregar 
e a coaderir a uma superfície formando uma camada inicial mista (Kolenbrander, 
2002).  
As bactérias presentes nas primeiras camadas do biofilme servem como 
sítios de ligação para outras espécies, denominadas colonizadores tardios ou 
secundários. Geralmente essas camadas de formação secundária são compostas 
por espécies que não interagem diretamente com as proteínas da película de saliva 
ou que preferem coaderir aos micro-organismos já existentes (Millsap et al., 1999; 
Jenkinson e Douglas, 2002). Apesar da população bacteriana ser predominante, 
fungos também tem seu papel nos biofilmes orais (Koopmass et al., 1988; Kulak et 
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al., 1997). Os fungos são colonizadores secundários que se ligam às bactérias das 
primeiras camadas durante o processo de maturação do biofilme e que podem atuar 
como agentes patogênicos oportunistas, capazes de causar infecções sistêmicas e 
locais (Glass et al., 2001; Coulthwaite e Verran, 2007). Dentre as infecções locais, a 
candidíase oral é a mais comumente encontrada, afetando cerca de 45,3 % dos 
usuários de próteses confeccionadas em resina acrílica (Figueira et al., 2007). A 
candidíase está associada à presença de fungos do gênero Candida spp. no biofilme 
formado sobre a prótese e presente na mucosa adjacente, tendo Candida albicans 
como principal espécie envolvida em sua etiologia, que é um fungo com morfologia 
de levedura, pseudo-hfas e hifas verdadeiras (Dar-Odeh e Shehabi, 2003; Ramage 
et al., 2004). Em geral, os estudos sobre candidíase levam em consideração apenas 
o papel de Candida no estabelecimento da doença e não avaliam a porção 
bacteriana presente nesses biofilmes. Os biofilmes relacionados à candidíase são 
necessariamente mistos (O’Donnel et al., 2015), já que há a presença e aumento de 
coccus e A. oris nos biofilmes de usuários de próteses com estomatite (Koopmass et 
al., 1988). 
O interesse nas interações entre fungos e bactérias tem aumentado, 
devido ao crescente número de doenças sistêmicas e orais causadas por biofilmes 
contendo o fungo oportunista. Sabe-se que biofilmes mistos entre C. albicans e 
determinadas bactérias tendem a favorecer seu crescimento e virulência (Jenkinson 
et al., 1990; Xu et al. 2014; Cavalcanti et al., 2015) e este comportamento ocorre 
devido à afinidade física das bactérias com as hifas. Questiona-se se esta relação 
de sinergismo poderia também contribuir com a estruturação do biofilme e influenciá-
lo como um todo, já que a mudança fenotípica do fungo para sua forma de hifas 
fornece sítios de ligação adicionais para as bactérias, bem como a redução de O2 no 
meio por Candida é preferido por bactérias do gênero Streptococcus (Jenkinson et 
al., 1990; O’Sullivan et al., 2000; Jenkinson e Douglas, 2002).   
Alguns estudos já avaliaram a base molecular na associação sinérgica 
entre C. albicans e Streptococcus (Dutton et al., 2014; Jack et al., 2014), e atribui-se 
às interações via antigen I/II em S. gordonii com algumas proteínas de superfície do 
fungo. As interações entre C. albicans e S. oralis via RPS até então não foram 
avaliadas. Além disso, sabe-se que as interações entre C. albicans e A. oris ocorrem 
in vitro e também que são cepa-dependentes (Jack et al., 2014; Arzmi et al., 2015), 
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porém as vias de interação não foram avaliadas e tampouco existem estudos que 
investigam o papel das fímbrias de A. oris nos biofilmes mistos com C. albicans. 
Frente ao exposto, os objetivos deste estudo foram avaliar as interações 
microbianas entre os colonizadores iniciais S. oralis e A. oris com C. albicans e 
avaliar o papel de RPS e fímbrias tipo I e II no desenvolvimento de comunidades 
mistas, partindo do princípio de que conhecer os meios de interação pode contribuir 
para o desenvolvimento de métodos de controle de biofilmes, como drogas ou 
moléculas que atuem diretamente nesses sítios de ligação, impedindo desde o início 
o desenvolvimento de comunidades polimicrobianas associadas à doença. 
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ABSTRACT 
Candida-associated stomatitis affects up to 60% denture wearers, and C. albicans remains 
the most commonly isolated fungal species. The oral bacteria Actinomyces oris and 
Streptococcus oralis are abundant in early dental plaque. The aims of this study were to 
determine the effects of S. oralis and A. oris on the development of C. albicans biofilms on 
denture material. Resin discs were coated with salivary pellicle and at early or later (24 h) 
stages of biofilm development, cell numbers of each species were determined. Spatial 
distribution of microorganisms was visualized by confocal scanning laser microscopy of 
biofilms labelled by differential fluorescence and by fluorescent in situ hybridization (FISH). 
Interkingdom interactions underpinning biofilm development were also evaluated 
planktonically utilizing fluorescence microscopy. Synergistic interactions between all three 
species occurred within biofilms and planktonically. Bacterial cells coaggregated with each 
other and adhered singly or in coaggregates to C. albicans hyphal filaments. S. oralis 
augmented hyphal filament production and C. albicans biovolume was increased two-fold. 
Concomitantly, cell numbers of S. oralis and A. oris within multi-species biofilms were 
enhanced by C. albicans. Thus cooperative physical and metabolic processes occurring 
between these three species of microorganisms intensify plaque communities on denture 
surfaces.  
 
Keywords: Actinomyces; Streptococcus; FISH; human oral cavity; microbial communities 
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INTRODUCTION 
Denture stomatitis is a common disease, often recurring, and is seen in up to 60% of 
otherwise healthy denture wearers (Arendorf and Walker, 1987; Figueira et al. 2007; Geerts 
et al. 2008). It is characterized by inflamed mucosa, particularly under an upper denture 
(palatal mucosa), causing a burning sensation, soreness and bad taste (Ramage et al. 
2004). Denture samples from subjects with denture stomatitis generally carry surface biofilms 
containing networks of hyphal filaments characteristic of Candida albicans (Douglas, 2003). 
The fungi have a high propensity for adhesion to oral acrylic dentures (Pereira-Cenci et al. 
2007), and this is affected by the surface roughness of the denture resin (Verran and 
Maryan, 1997; Jackson et al. 2014; Mayahara et al. 2014) and by the type of dietary 
carbohydrates (Santana et al. 2013). 
While C. albicans, and other Candida species that can co-exist with C. albicans (Coco 
et al. 2008), have been a focus in antifungal treatment strategies for oral stomatitis (Redding 
et al., 2009; Salerno et al. 2011), studies have underlined that the plaque accumulated on 
dentures during stomatitis contains both bacterial and fungal components (Campos et al. 
2008; Salerno et al. 2011). This is potentially significant because it has been shown that oral 
bacteria, such as streptococci, can form mixed-species biofilms with C. albicans (Xu et al. 
2014a) that are more luxurious and contain more hyphal filaments than mono-species 
biofilms (Dutton et al. 2014; Sztajer et al. 2014; Dutton et al. 2015). Streptococcus oralis 
appears to be able to facilitate invasion of oral mucosa by C. albicans (Diaz et al. 2012) while 
growth of S. oralis itself is promoted by the fungus. In addition, the pathogenic properties and 
invasive potential of the bacteria can be elevated by the presence of C. albicans (Falsetta et 
al. 2014; Xu et al. 2014b). Less is known about how other bacterial colonizers of hard 
surfaces, for example species of Actinomyces and Veillonella, interact with C. albicans and 
influence biofilm development. 
Mitis/sanguinis group streptococci and Actinomyces species (e.g. oris, naeslundii, 
johnsonii) are amongst the first oral bacteria to colonize a fresh salivary glycoprotein-surface 
(Nyvad and Kilian, 1987; Al-Ahmad et al. 2009; Dige et al. 2009). In vitro studies have 
indicated that mutualism in biofilm formation occurs between strains of Streptococcus oralis 
and Actinomyces oris (formerly A. naeslundii). Neither organism alone was able to form a 
salivary-flow biofilm, but a robust dual-species biofilm could be formed owing to nutritional 
cross-feeding (Palmer et al. 2001). Interactions between these species and C. albicans in 
triadic conditions has not before been studied, but would be significant in respect of early 
colonization of denture materials. The concept of synergy in biofilm community development 
rests on the notion that a primary species preferentially adheres to the salivary pellicle-
coated oral cavity surface and by doing so provides additional sites for adhesion of 
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secondary colonizers (Wright et al. 2013). Based upon this notion, and upon previous work 
showing synergistic interactions between streptococci and C. albicans (Bamford et al. 2009; 
Jack et al. 2015) it was hypothesized that colonization of salivary pellicle-coated denture 
material by C. albicans might be modulated when both streptococci and actinomyces are 
present. The results demonstrate that there is synergy in triadic-species biofilm formation, 
and that the presence of C. albicans enhances the development of bacterial plaque. This 
suggests that antibacterial approaches should be adopted in addition to antifungal strategies 
in order to more effectively cleanse dentures of biofilms and control stomatitis. 
 
MATERIALS AND METHODS 
 
Microbial strains and growth conditions  
Actinomyces oris T14V and Streptococcus oralis 34 were cultivated anaerobically at 
37 °C on BHYN agar (per liter, 37 g Brain Heart Infusion, 5 g yeast extract, 5 g Bacto-
Neopeptone and 15 g agar). Suspension cultures were grown in BHY medium (Brain Heart 
Infusion medium containing 5 g L-1 yeast extract), in sealed bottles or tubes, and incubated 
stationary at 37 °C. Candida albicans SC5314 was cultivated aerobically on Sabouraud 
Dextrose (SD) agar (LabM, Heywood, Leics. UK) at 37 °C, and suspensions were grown in 
YMD medium (per liter: 20 g Oxoid Mycological Peptone, 10 g yeast extract, 20 g dextrose) 
in conical flasks at 37 °C with shaking 200 r.p.m. (Dutton et al. 2014). For preparation of cells 
for experiments, cultures were grown for 16 h at 37 °C, centrifuged 5000 g for 7 min), the cell 
pellets were suspended and washed twice with YPT medium (1 x yeast nitrogen base, 20 
mM NaH2PO4-H3PO4 buffer pH 7.0, 0.1 % tryptone) (Silverman et al., 2010), and suspended 
in YPT medium at OD600 = 1.0. 
 
Planktonic interaction assay 
0.2 ml of C. albicans cell suspension at OD600 = 1.0 (approximately 1 x 10
7 cells mL-1) 
was added to glass tubes containing 1.8 mL warm YPTG medium (YPT supplemented with 
0.4 % glucose) and incubated for 2 h at 37 °C with shaking (200 r.p.m) to initiate hyphal 
filament formation. During this period, A. oris cells were fluorescently labelled with FITC 
(fluorescein isothiocyanate) as described by Dutton et al. (2014) and S. oralis cells were 
labelled with 1.3 mM TRITC (tetramethylrhodamine-5 (and 6) isothiocyanate) in 0.05 M 
Na2CO3 buffer containing 0.15 M NaCl for 30 min at 20 
oC in the dark with gentle shaking. 
Bacterial cells were washed three times with YPT and suspended at OD600 = 0.5 (2 x 10
8 
cells mL-1) in YPT medium. Fluorescently-labelled bacterial cell suspension (1 ml) was added 
to the glass tube and the incubation continued for 1 h (same conditions). To each cell 
suspension was then added fluorescent brightener 28 (Calcofluor white, Sigma-Aldrich Co., 
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St. Louis, MO) (1 µL of 0.2 mg mL-1 stock solution) to fluoresce the C. albicans. Samples of 
suspension were applied to glass microscope slides and visualized by fluorescence 
microscopy (Leica DMLB) (Silverman et al. 2010). 
 
PMMA disc preparation  
Discs were fabricated using poly(methyl methacrylate) (PMMA) resin (QC-20 PMMA- 
(QC-20 PMMA, Dentsply International, York, PA) and polymerized in a hot water bath 
according to the manufacturer’s instructions within a metal device (10 mm diameter x 2 mm 
thick). The discs were ground progressively with smoother aluminum oxide papers, grids 
320, 400 and 600, in a horizontal polisher (Arotec APL-4, São Paulo, SP, Brazil) and then 
standardized for surface roughness by profilometry (Verran and Maryan, 1997) to Ra = 0.31 ± 
0.02 (Ra value is the arithmetical average of all departures of the surface profile through the 
mean sample length). They were cleaned in an ultrasonic bath (Thornton T 740, Thornton-
Inpec Eletronica LTDA, Vinhedo, SP, Brazil) for 2 x10 min to remove surface contaminants, 
disinfected with 70 % ethanol, washed with sterile distilled water and allowed to dry under 
aseptic conditions. 
 
Salivary pellicle formation 
Collection of human saliva samples was approved by the local Ethics Committee of 
Piracicaba Dental School (no.081/2013). Saliva was collected from at least 6 adult subjects, 
who provided written informed consent. The samples were pooled, treated with 0.25 M 
dithiothreitol on ice for 10 min, and centrifuged (8000 g for 10 min). The supernatant was 
removed, diluted to 10 % with sterile water, filter sterilized (0.45-µm pore-size membrane), 
and stored at -20 °C. Salivary pellicle was formed on the resin discs by incubating them in 
10% sterile saliva for 2 h at 37 °C under shake. This protocol was adapted from Dutton et al., 
2014. 
 
Biofilm development 
Saliva-coated PMMA discs were added to individual wells of a 24-well plate each 
containing 1.8 mL YPTG medium at 37 oC. 225 µL of microbial cell suspensions in YPT 
medium, prepared as described above, were then added to the wells to generate mono-, 
dual- or triadic- species biofilms in triplicate. After 1.5 h a number of the resin discs were 
removed, rinsed with PBS, and analyzed for biofilm formation. The remaining discs were 
rinsed gently and replaced with 2 ml fresh YPTG medium. The plates were incubated at 37 
ºC for 24 h in candle jars (Silverman et al. 2010; Cavalcanti et al. 2014).  
 
Measurement of viable cell numbers 
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After 1.5 h incubation, or after 24 h, the PMMA discs were removed from the culture 
wells, rinsed gently with sterile PBS (50 mM Na2HPO4-KH2PO4, 0.15 M NaCl, pH 7.2), added 
to 3 mL PBS in a polypropylene tube, and sonicated at 7 W for 30 s in a sonication bath to 
disrupt the biofilms. Portions (200 µL) of the homogenized suspensions were removed, 
serially 10-fold diluted and 20 µL aliquots were applied to BHYN agar plates containing 50 µg 
nystatin mL-1 (to inhibit growth of C. albicans) for estimating numbers of bacterial colony-
forming units (CFU), and onto SD agar (plain) for estimating CFU of C. albicans. The plates 
were incubated anaerobically at 37 oC for 24 h (BHYN agar) or aerobically at 37 oC for 16 h 
(SD agar), and colony counts were subsequently converted to CFU mL-1. It was possible to 
differentiate between S. oralis and A. oris on BHYN + nistatin plates on the basis of colony 
size and color. Control experiments determined that the sonication treatment was sufficient 
to remove >90% cells from the surfaces of the discs, and at the same time was suitably 
gentle enough not to result in >5% loss in cell viability.  
 
Fluorescence microscopy and confocal scanning laser microscopy (CSLM) 
For visualizing C. albicans mono-species biofilms, 2 µg Calcofluor mL-1 was 
incorporated into the YPTG growth medium to fluorescently label the fungal cells. Mono-
species biofilms of bacteria were fluorescently labelled with FITC (10 µM, 20 min) at the end 
of experiment. The resin discs were gently washed twice with PBS and the biofilms were 
visualized by fluorescence microscopy (Leica DMLB) or by CSLM with a Leica SP5-AOBS 
confocal microscope attached to a Leica DM I6000 inverted epifluorescence microscope.  
Dual-species or triadic-species biofilms were subjected to fluorescence in situ 
hybridization (FISH) analysis by CSLM. Biofilms were fixed in 4 % paraformaldehyde (2 h), 
permeabilized using lysozyme for 30 min at 37 °C, washed twice in PBS and then incubated 
in hybridization buffer (0.9 M NaCl, 20 mM Tris-HCl pH 8.0, 0.01 % SDS, and 10-30 % 
formamide depending upon the probe) containing 5 μg mL-1 fluorescently-labelled 16S rRNA-
specific oligonucleotide probe for 150 min at 55 °C. The oligonucleotide probe sequences 
were as described by Thurnheer et al. (2004) and were labelled (Eurofins Genomic Services 
Ltd., Wolverhampton, UK) as follows: S. oralis probe MIT447_488 (Alexa 488), A. oris probe 
ANA103_647 (Alexa 647) and C. albicans EUK516_555 (Alexa 555). Following hybridization 
the discs were incubated in washing buffer (20 mM Tris-HCl pH 7.5, 5 mM EDTA, 0.01 % 
SDS, and between 159 and 636 mM NaCl depending on the formamide concentration used 
during hybridization) for 15 min at 55 °C. After rinsing briefly in 0.9% NaCl the discs were 
turned upside-down onto a glass slide to be visualized by CSLM. Volocity® software was 
utilized to prepare three-dimensional (3D) images and Imaris® v7.5 software (Bitplane AG, 
Zurich, Switzerland) was used to calculate biovolumes (µm3). 
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Statistical analysis 
Data were processed by Prism 6 software at a confidence level of 95 % using the 
two-way ANOVA followed by Tukey test for total biofilm counts, respective to the time points 
and the biofilm combinations. 
 
RESULTS 
Planktonic interactions between bacteria and fungi 
Approximately 60 % C. albicans cells formed hyphal filaments after 2 h planktonic 
incubation at 37 oC in YPTG medium. S. oralis adhered principally to hyphal filaments, with 
small chains of streptococci aligned along the hyphae (Fig. 1A) or adhered in patches as 
single cells or doublets (Fig. 1A). The actinomyces cell pairs showed characteristic whiplash 
morphology and small aggregates were visible freely and in association with hyphae (Fig. 
1B). In triadic associations, the actinomyces and streptococci formed large coaggregates and 
these adhered principally to the fungal filaments (Fig. 1). Coaggregates of S. oralis and A. 
oris were also seen independently of candidal cells (Fig. 1C). Therefore coaggregation 
between these three microorganisms occurred pairwise as well as cooperatively.  
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Figure 1 Fluorescence microscopy images of planktonic interactions between C. albicans hypha-
forming cells and S. oralis or A. oris. C. albicans cells were induced to form hyphae, as described in 
Materials and Methods, and then incubated with TRITC-labelled (red) S. oralis (panel A), FITC-
labelled (green) A. oris (panel B), or both bacterial species (panel C). Arrows in panel A show clusters 
of streptococci associated with hyphal filaments, while arrows in panel B show similar accumulations 
of actinomyces. In panel C, arrows indicate coaggregated clumps of bacteria adhered to hyphal 
filaments. Scale bars 50 µm. 
 
Early biofilm formation on resin discs 
To assess the capacity for the three microbial species, or combinations thereof, to 
bind saliva-coated resin, microbial cells were incubated with coated-discs for 1.5 h. Non-
adherent cells were then removed, and levels of attachment visualized by fluorescence 
microscopy following staining of the discs with FITC. Because of the uneven surfaces of the 
resin discs, it was not possible to capture the entire population of attached cells in a single 
plane of focus. Nonetheless, all three species could be seen to attach to saliva-coated resin, 
both as individual cells or as aggregates (Fig. 2, upper panels). Overall coverage was 
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uniform, although the natural grooves of the resin surface seemed to promote microbial 
deposition, especially of A. oris, compared to smoother regions of the resin.  
 For dual- or three-species samples, S. oralis or A. oris could be seen interacting both 
directly with the salivary pellicle and with candidal cells (Fig. 2, lower panels). Patterns of 
association were similar overall to those seen under planktonic conditions (compare Figs. 1 
and 2). For C. albicans cells incubated with resin either alone or in combination with bacteria, 
a mixture of blastospores and hyphae could be seen attached to the surface. In dual species 
biofilms of C. albicans and A. oris, the A. oris cells tended to associate with the C. albicans 
as opposed to attaching to the pellicle (Fig. 2). This suggested that the pellicle receptors for 
A. oris might be modified by the presence of C. albicans. In triadic biofilms, the C. albicans 
cells forming hyphal filaments were distributed more evenly over the surface, while notably 
the bacteria formed clusters associated with the C. albicans hyphae (Fig. 2). Although not 
quantified directly in these biofilms, a higher proportion of hyphal filament was present in 
dual-species or triadic samples compared to monospecies C. albicans samples. 
At 1.5 h the viable counts of bacteria recovered from the biofilms were similar (Table 
1) while the C. albicans CFU were ten-fold less than bacterial cell numbers. However, C. 
albicans cells are approximately ten-fold larger in size/volume than the bacterial cells. The 
CFU of C. albicans were reduced by about 40% in the presence of A. oris (Table 2). On the 
other hand, there were no significant differences (P ≥ 0.05) in CFU of streptococci or 
actinomyces in the presence of C. albicans (Table 2). Nor were numbers of C. albicans CFU 
changed significantly in the presence of S. oralis, or S. oralis and A. oris together. 
To overcome the difficulties of visualizing the roughened surface of the resin discs by 
fluorescence microscopy, monospecies biofilm formation was also investigated by confocal 
scanning laser microscopy (CSLM). Microbial cells were incubated with saliva-coated resin 
discs for 1.5 h. Non-adherent cells were then removed, and biofilms were visualized 
immediately or following an additional incubation in YPTG medium for 24 h by fluorescent 
labelling with FITC (S. oralis, A. oris) or Calcofluor (C. albicans). At 1.5 h all three species 
exhibited relatively uniform coverage of the resin surface, with areas of elevated cell density 
in the resin grooves, particularly for S. oralis (Figs. 2 and 3). Overall levels of coverage were 
comparable between S. oralis and A. oris, while C. albicans cells had more sparse 
distribution. All three species formed distinct microcolonies.  
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Figure 2 Fluorescence microscopy images of S. oralis, A. oris and C. albicans mono and multi-
species biofilms at 1.5 h adhered to salivary pellicle-coated denture acrylic resin and labelled with 
FITC. Due to the uneven surface of the resin discs, it was not possible to capture the entire population 
of attached cells in a single plane of focus. Scale bars 50 µm. 
 
Table 1. Colony-forming units (CFU) for mono-species biofilms of S. oralis, A. oris or C. albicans 
formed on resin discs at 1.5 h and 24 h (n = 2, mean ± SD). 
 
         Time points CFU (x 10
6
) 
 
S. oralis A. oris C. albicans 
1.5 1.0 ± 0.3 1.0 ± 0.01 0.10 ± 0.003 
24 1.3 ± 0.7 3.6 ± 1.6* 3.0 ± 0.8* 
                         * P < 0.05 versus 1.5 h 
 
Table 2. Colony-forming units (CFU) for C. albicans, S. oralis and/or A. oris in dual-species or triadic 
biofilms formed on resin discs at 1.5 h and 24 h (n = 2, mean ± SD).  
 
Time points CFU (x 10
6
) 
  S. oralis + C. albicans A. oris + C. albicans Triadic 
  So Ca Ao Ca Bacteria Ca 
1.5 0.8 ± 0.2 0.08 ± 0.02 0.7 ± 0.04 0.06 ± 0.02 0.7 ± 0.07 0.08 ± 0.02 
24 11.5 ± 6.9* 2.6 ± 0.7* 13.4 ± 4.9* 2.3 ± 0.8* 14.4 ± 3.5* 2.2 ± 0.7* 
                * P < 0.05 versus 1.5 h 
 
24-h biofilms on resin discs 
No obvious changes were seen in S. oralis biomass levels from 1.5 h to 24 h (Fig. 3). 
By contrast, biofilms formed by A. oris or C. albicans increased in density and depth over the 
24 h period to form a thick ‘mat’ on the resin after 24 h (Fig. 3). Additionally, for C. albicans, a 
distinct transition from predominately blastospores to long hyphal filaments was seen from 
1.5 h to 24 h (Fig. 3). 
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 At 24 h the viable counts (CFU) of each of the mono-species biofilms had increased, 
with A. oris showing a 6.4-fold increase and C. albicans a 30-fold increase (Table 1). 
However, in the dual- or triadic-species biofilms there were notable interactive effects of the 
organisms. In the presence of C. albicans, the CFU of S. oralis and A. oris increased 14-fold 
and 19-fold, respectively, while C. albicans exhibited up to 38-fold increased CFU (Table 2). 
In the triadic biofilm total bacteria CFU increased 20-fold over the 1.5 – 24 h time period. 
Therefore, based upon these CFU data, biofilm formation by S. oralis and A. oris was highly 
augmented in the presence of C. albicans. It should be noted that for C. albicans, CFU 
measurments may not be a meaningful indicator of biomass because multicellular hyphal 
filaments are the major morphological component of C. albicans 24-h biofilms. We were 
unable to measure total biomass by conventional staining methods because the resin 
adsorbed the stains. 
 In the experiments so far described the bacteria and fungi were added simultaneously 
to the resin discs. To determine if the order of deposition had any effect upon the biofilms 
formed, we first incubated the resin discs with bacteria for 1.5 h, then added C. albicans and 
measured CFU at 3 h or 24 h. A similar pattern of results was obtained (Supplemental Table- 
Apêndice 1) to those when the bacteria were inoculated together at the same time (Table 2). 
S. oralis and A. oris CFU increased 8-fold and 12-fold over the time period, while C. albicans 
CFU increased up to 15-fold. The bacterial components of the biofilm were again 
augmented, especially bacteria CFU present within the three species biofilms (Table S1).   
 
 
Figure 3 CSLM images of mono-species biofilms formed on salivary pellicle-coated denture acrylic 
resin after 1.5 h or 24 h incubation. Bacteria were stained with FITC while C. albicans was stained with 
calcofluor, as described in Materials and Methods. Each biofilm is presented in 3D (xyz), side view 
(xz), and top down view (xy). Note that the S. oralis biofilm develops to maturity very early while the A. 
oris and C. albicans biofilms take longer to mature. Scale bars 50 µm. 
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Microbial composition of 24 h-biofilms determined by FISH 
 
To visualize relative proportions of microbes present in dual-species or three-species 
biofilms, 1.5 h or 24 h biofilms were grown on saliva-coated resin, as above, and the 
presence of each microbial species detected using FISH. For all combinations the 
microorganisms formed fully integrated biofilms, interacting both with one another and with 
salivary pellicle (Fig. 4). At 1.5 h, both bacterial species were in close contact with the 
pellicle, and this was particularly evident for A. oris. (Fig. 4). Initial deposition of C. albicans 
appeared to be enhanced by S. oralis (compare Fig. 4 and Fig. 3) but was unaffected by A. 
oris. At 24 h, S. oralis cells were integrated from the base to the surface of the dual-species 
biofilm, while A. oris cells were associated with the upper biofilm layers (Fig. 4). These 
biofilms were composed mainly of hyphal filaments with integrated patches of bacteria. The 
biovolume data at 24 h demonstrated that the presence of S. oralis enhanced C. albicans 
biofilm development (biovolume) two-fold (Fig. 5) at 24 h, compared with C. albicans alone. 
A. oris had lesser stimulatory effect on C. albicans (Fig. 5). C. albicans biovolume was also 
enhanced in the three-species biofilms (Fig. 5), but not as much as with S. oralis alone.  
 
Figure 4 CSLM images of dual- and traidic-species biofilms formed on salivary pellicle-coated denture 
acrylic resin after 1.5 h or 24 h incubation. Microbial cells were labelled by FISH probes for S. oralis 
(red), A. oris (green) and C. albicans (blue). Note that initial deposition of C. albicans was enhanced 
by S. oralis. At 24 h, S. oralis cells were integrated from the base to the surface of the dual-species 
biofilm, while A. oris cells were mainly associated with the upper biofilm layers. Scale bars 50 µm. 
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Figure 5 Biovolume data for individual species within 24 h biofilms. Fluorescence volumes were 
calculated for C. albicans (filled columns), S. oralis (open columns) and A. oris (grey shade columns) 
following imaging using Imaris® v7.5 software. Monospecies C. albicans biovolume = 2.29 ± 0.4 x 10
5
 
µm
3
. Error bars are ± SD (n = 2) * P < 0.05.  
 
 
DISCUSSION 
The understanding of multispecies biofilm partnerships and their impact on human 
health has grown over recent years. Further investigation is required to take into account the 
potential for a wide spectrum of different microbial communities to develop in the human host 
and affect health. The interkingdom interactions of C. albicans and bacteria in the context of 
human disease have revived attention since one of the first descriptions of coaggregation 
between Gram-positive cocci and Candida (Jenkinson et al. 1990). Some bacterial species 
produce molecules that kill or inhibit C. albicans (Morales et al. 2010; 2013), while others 
promote growth of the fungus (Xu et al. 2014a). On the other side, the pathogenic properties 
of some bacteria may be enhanced (Schlecht et al. 2015) or suppressed (Lopez-Medina et 
al. 2015) in the presence of C. albicans. Dual-species biofilms of Streptococcus gordonii and 
C. albicans have at least two-fold increased biomass over and above the biomass sum of the 
mono-species biofilms, showing synergy in growth of these species (Bamford et al. 2009; 
Dutton et al. 2014). Moreover, dual-species communities of S. oralis and C. albicans show 
pathogenic synergy, and induce an exaggerated inflammatory response in the host, over and 
above the inflammatory response levels of the individual species (Xu et al. 2014b). This latter 
observation is clearly relevant to the condition of denture stomatitis, the inflammatory nature 
of which might therefore be exacerbated by the presence of specific bacterial species in 
associations with C. albicans in denture biofilms (Cavalcanti et al. 2015).  
In the current article we investigated whether the interactions of two early-colonizing 
bacterial species affected the manner in which C. albicans could be incorporated into the 
biofilm and colonize denture acrylic surface. We found that both species of bacteria 
interacted with Candida hyphae under planktonic conditions. There was no evidence that 
* 
* 
* 
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bacteria bound specific regions of the filaments, for example the septal domain, suggesting 
that receptors for adhesion were distributed all along the length. Bacterial cells attached to 
hyphal filaments individually or in small chains, and aggregates were visible. A. oris and S. 
oralis were mixed simultaneously with C. albicans in the three-species combinations, so the 
patterns of coaggregation indicated that there were sufficient binding sites on C. albicans 
available for both species. Moreover, the hyphae were able to support larger coaggegates of 
S. oralis and A. oris. 
In dual- species and three-species biofilms, C. albicans hyphal filaments appeared to 
be incorporated throughout the biofilm layers. S. oralis cells formed a basal layer upon the 
salivary pellicle, in dual-species biofilms, colonizing areas not occupied by C. albicans. 
Streptococci could also be seen in patches at all levels within the 24 h-biofilm. A. oris on the 
other hand did not effectively colonize the pellicle in 24 h dual-species biofilms with C. 
albicans, and instead was mainly associated with the hyphal filaments. The dual-species 
biofilms exhibited synergistic behaviours and bacterial CFU were higher in the presence of C. 
albicans than in the absence. A. oris CFU were increased 3.7-fold, and S. oralis CFU were 
increased 8.8-fold, in the presence of C. albicans compared to CFU within the respective 
monospecies biofilms. Measurements of C. albicans CFU in biofilms after ~2 h incubation 
have limitations as more hyphal filaments are formed. It is clearly evident that C. albicans 
biovolume within the triadic-species biofilms increased nearly two-fold in the presence of 
bacteria, while bacteria themselves comprised only <10% of the total biovolume. 
Interestingly, incorporation of A. oris into the C. albicans-S. oralis biofilm dampened in part 
the augmenting effect of S. oralis on C. albicans. This indicates that A. oris may have some 
growth inhibitory effect on C. albicans in the presence of S. oralis. However, we did not 
observe direct inhibition of C. albicans proliferation by A. oris as has been reported recently 
(Guo et al. 2015). This might be because we are using different strains of C. albicans and A. 
oris, as it is known that coaggregation between C. albicans, actinomyces and streptococci is 
strain dependent (Arzmi et al. 2015). 
The biofilm model described could be valuable in evaluating means of controlling oral 
candidosis, or growth of denture biofilms, because it contains two early-colonizing species of 
bacteria as well as C. albicans. In vivo, C. albicans forms biofilms in association with 
bacteria, and colonization of a surface may require the ability to successfully compete with or 
live alongside the early colonizers. Our results indicate that these two early colonizing strains 
of bacteria are promoted by the presence of C. albicans, with the fungus providing nutrients 
and alternative substratum for A. oris. Concomitantly we see greater levels of C. albicans 
biofilm development occurring in the presence of bacteria, especially with S. oralis, 
compared to C. albicans monospecies biofilm. Further work is underway to determine the 
kinds of signals, nutritional or otherwise, that are produced by the microorganism in order to 
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mediate these synergistic interactions. This knowledge would be important for impact on 
clinical intervention strategies or antimicrobial therapies to control these polymicrobial 
infections. 
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SUMMARY 
Candida albicans is carried orally and causes a range of superficial infections that may 
become systemic. Oral bacteria Actinomyces oris and Streptococcus oralis are abundant in 
early dental plaque. The interactions that occur between these kingdoms could affect the 
development of oral diseases biofilm-related. The aim of this study was to determine the 
mechanism by which S. oralis, A. oris and C. albicans interact with each other to develop a 
polymicrobial biofilm. Wild type strains and mutants lacking fimbriae types I and II and 
Receptor of Polysaccharide (RPS) respective to A. oris and S. oralis were subjected to 
interactions evaluation with Candida planktonically or in biofilm form, on coated-surface. 
Biofilms biomass was evaluated by staining release and biofilm temporal development 
observed by light microscopy. The spatial distribution of microorganisms was visualized by 
confocal scanning laser microscopy (CSLM) labelled by different fluorescence or by 
fluorescence hybridization (FISH). Strains formed dual or three-species biofilms. The 
bacterial components tended to dominate the lower levels of the biofilms while C. albicans 
occupied the upper levels. Non-fimbriated A. oris was compromised in biofilm formation, but 
was incorporated into upper biofilm layers via binding to C. albicans. The lack of RPS had no 
effect on biofilm formation. Biofilm growth and hyphal filament production by C. albicans was 
enhanced by S. oralis, and dampened by A. oris. These interkingdom biofilms are 
metabolically coordinated to house all three components, while adhesive interactions 
between them determine spatial distribution and architecture. 
Keywords: human oral cavity; polymicrobial communities; colonization; FISH; 
coaggregation. 
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INTRODUCTION 
The pleiomorphic fungus Candida albicans colonizes the oral cavity, GI tract and 
genito-urinary tract where it can remain benign, or cause superficial infection, or invade body 
tissues to become systemic (Poulain, 2015). Although invasive disease can originate from 
oral cavity colonization in healthy subjects, it is much more common to occur in individuals 
who are immunocompromised either as a result of HIV infection or medical procedures 
(surgery, radiotherapy, etc.) (Delaloye and Calandra, 2014; Martins et al., 2014). 
 A common oral condition involving C. albicans is denture stomatitis (Figueira et al., 
2007). Dentures from subjects with stomatitis carry surface biofilms containing networks of 
hyphal filaments characteristic of C. albicans (Douglas, 2003). The biofilms also contain 
bacterial components (Campos et al., 2008; Salerno et al., 2011) and there is evidence that 
oral streptococci can enhance growth of C. albicans biofilms (Xu et al., 2014a) and augment 
fungal invasion of oral mucosa (Diaz et al., 2012; Xu et al., 2014b). Also, the presence of C. 
albicans in sub-gingival plaque (Canabarro et al., 2013) and in periodontal disease lesions 
(Urzúa et al., 2008; Al Mubarak et al., 2013) suggests that the fungus may have a role in the 
progression of periodontal disease. Furthermore, C. albicans has been found in supra-
gingival plaque (Zijnge et al., 2010) and in carious lesions (Marchant et al., 2001; de 
Carvalho et al., 2006), indicating that interactions with cariogenic bacteria such as 
Streptococcus mutans may be significant in tooth decay (Koo and Bowen, 2014).  
In order to colonize saliva-coated hard or soft surfaces present within the oral cavity, 
C. albicans has acquired a range of adhesins that interact with salivary components (Chaffin, 
1999; Cannon and Chaffin, 2008; Nobbs et al., 2010; Demuyser et al., 2014). These include 
cell wall proteins (CWPs) Hwp1, Hwp2, Rbt1, Eap1, the Iff/Hyr family and the Als family (de 
Groot et al., 2013). However, C. albicans is in competition for adhesion to salivary receptors 
with several hundred species of bacteria at any given oral cavity site (Jenkinson, 2011). 
Thus, C. albicans is often found within polymicrobial communities (Vieira Colombo et al., 
2015).  
Mitis/sanguinis group streptococci and Actinomyces species (e.g. oris, naeslundii, 
johnsonii) are amongst the first oral bacteria to colonize a fresh salivary-coated surface 
(Nyvad and Kilian, 1987; Al-Ahmad et al., 2009; Dige et al., 2009). Oral streptococci express 
a wide range of salivary pellicle adhesins (Nobbs et al., 2009; 2011), while Actinomyces type 
1 fimbriae mediates interactions with salivary proline-rich proteins and statherin (Gibbons et 
al., 1998; Clark et al., 1999; Li et al., 2001). Actinomyces type 2 fimbriae on the other hand 
interact specifically with Galβ1-3GalNAc found within the cell surface receptor 
polysaccharides (RPS) of mitis-group streptococci (Yoshida et al., 2006) and some salivary 
glycoproteins (Ruhl et al., 2004). The type 2 fimbriae therefore mediate coaggregation with 
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streptococci expressing RPS (Cisar et al., 1983; Palmer et al., 2003), and also appear to be 
involved in biofilm formation (Mishra et al., 2010). In vitro studies have shown that mutualism 
in biofilm formation occurs between strains of Streptococcus oralis and Actinomyces oris 
(Palmer et al., 2001). Interactions between these early colonizing bacteria and C. albicans 
could thus impact on the kinds of communities that develop upon the oral cavity.  
Several species of oral streptococci can form mixed-species biofilms with C. albicans 
(Xu et al., 2014a). These biofilms are often more luxurious than monospecies C. albicans 
biofilms and may contain a higher proportion of hyphal filaments (Dutton et al., 2014; Sztajer 
et al., 2014; Dutton et al., 2015). S. oralis is able to facilitate invasion of oral mucosal 
epithelium by C. albicans (Diaz et al., 2012) and concomitantly, S. oralis growth is enhanced 
by the fungus. In addition, the pathogenic properties and invasive potential of streptococci 
bacteria can be augmented by C. albicans (Falsetta et al., 2014; Xu et al., 2014b). Much less 
is understood about how Actinomyces species interact with C. albicans, but coaggregation 
has been reported (Grimaudo et al., 1996; Arzmi et al., 2015), and there is evidence that C. 
albicans proliferation and biofilm development could be inhibited by Actinomyces species 
(Guo et al., 2015).  
Microbial synergy in biofilm community development involves primary colonizing 
species adhering to oral cavity surfaces and thus increasing the availability of receptors for 
adhesion by secondary colonizers (Wright et al., 2013). On the basis of studies showing 
synergy between S. oralis and C. albicans in biofilm formation (Diaz et al., 2012), and 
synergy between S. oralis and A. oris in biofilm formation (Palmer et al., 2001), we have 
investigated the molecular basis of these interactions and if they are maintained or disrupted 
in three-species biofilms. The results here demonstrate that C. albicans assists incorporation 
of S. oralis and A. oris into biofilms independently of the evaluated patterns.  
METHODS 
Microbial strains and growth conditions  
Bacterial strains utilized were as follows: A. oris T14V (wild type) and A. oris T14V 
Fim- (mutant lacking type 1 and type 2 fimbriae) (Cisar et al., 1988); S. oralis 34 and S. oralis 
34 ΔwchA RPS- (receptor polysaccharide negative isogenic mutant) (Yoshida et al., 2006). 
Bacteria were cultivated anaerobically at 37 °C on BHYN agar (per liter: 37 g Brain Heart 
Infusion, 5 g yeast extract, 5 g Bacto-Neopeptone, 15 g agar). Suspension cultures were 
grown in BHY medium (Brain Heart Infusion medium containing 5 g l-1 yeast extract), in 
sealed bottles or tubes, and incubated stationary at 37 °C. C. albicans SC5314 was 
cultivated aerobically on Sabouraud Dextrose (SD) agar (LabM, Heywood, Leics. UK) at 37 
°C, and suspensions were grown in YMD medium (per liter: 20 g Oxoid Mycological Peptone, 
35 
 
10 g yeast extract, 20 g dextrose) in conical flasks at 37 °C with shaking (200 r.p.m.) (Dutton 
et al. 2014). For preparation of C. albicans for experiments, cultures were grown for 16 h at 
37 °C, centrifuged (5000 g for 7 min), the cell pellets were suspended and washed twice with 
YPT medium (1 x yeast nitrogen base, 20 mM NaH2PO4-H3PO4 buffer pH 7.0, 0.1% tryptone) 
(Silverman et al., 2010), and suspended in YPT medium at OD600 1.0. Bacteria were 
prepared accordingly to the assay. 
Coaggregation of bacteria in suspension 
A. oris cells were fluorescently labelled with FITC (fluorescein isothiocyanate) as 
described by Dutton et al. (2014) and S. oralis cells were labelled with 1.3 mM TRITC 
(tetramethylrhodamine-5 (and 6) isothiocyanate) in 0.05 M Na2CO3 buffer containing 0.15 M 
NaCl for 30 min at 20 °C in the dark with gentle shaking. Bacterial cells were washed three 
times with YPT and suspended at OD600 0.5 (2 x 10
8 cells ml-1) in YPT medium. 1 mL of 
bacterial cells suspensions were mixed in a glass tube, containing 1.8 ml of YPTG medium 
(YPT supplemented with 0.4% glucose) and incubated for 1 h at 37 °C with shaking (200 
r.p.m.). Samples were taken onto glass microscope slides and visualized by fluorescence 
microscopy (Leica DMLB). 
Planktonic interactions of bacteria with C. albicans 
0.2 ml of C. albicans cell suspension at OD600 1.0 (approximately 1 x 10
7 cells ml-1) 
was added to glass tubes containing 1.8 ml warm YPTG and incubated for 2 h at the same 
conditions as previously to initiate hyphal filament formation. 1 ml of fluorescently-labelled 
bacterial cell suspension was then added to C. albicans cell suspension and the incubation 
continued for 1 h. To each cell suspension was then added fluorescent brightener 28 
(Calcofluor white, Sigma-Aldrich Co., St. Louis, MO) (1 µl of 0.2 mg ml-1 stock solution) to 
fluoresce the C. albicans and the samples were applied to glass microscope slides and 
visualized by fluorescence microscopy (Leica DMLB) (Silverman et al. 2010). 
Salivary pellicle formation 
Collection of human saliva samples was approved by the National Research Ethics 
Committee South Central Oxford C (no. 08/H0606/87+5). Saliva was obtained from at least 
six adult subjects, who provided written informed consent. The samples were pooled, treated 
with 0.25 M dithiothreitol on ice for 10 min, and centrifuged (8000 g for 10 min). The 
supernatant was removed, diluted to 10% with sterile water, filter sterilized (0.45-µm pore-
size membrane), and portions were stored at -20 °C. Salivary pellicle was formed on glass 
cover slips or in plastic culture dishes by incubating them with 10% saliva for 16 h at 4 °C.  
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Biofilm development on cover slips 
Salivary pellicle-coated glass cover slips (19 mm diam.) were transferred to individual 
wells of a 12-well tissue culture plate containing 1.9 ml of YPTG medium. C. albicans cell 
suspension (0.1 ml) was added and incubated for 2 h at 37 °C under shake, over which time 
fungal cells adhered to the substratum and began to form hyphal filaments. The unattached 
cells were then aspirated and, for monospecies biofilms, fresh medium (2 ml) was added and 
incubation continued. For dual species or three-species biofilms, the unattached fungal cells 
were aspirated, fresh medium (1 ml) was added with S. oralis and/or A. oris cell suspension 
in YPTG (1 ml, ~2 x 108 cells ml-1), and incubated for 1 h at 37 °C. The bacterial cell 
suspensions were then removed, replaced with fresh YPTG medium (2 ml) and incubation 
was continued for up to 5 h. Coverslips were removed, rinsed gently with phosphate-buffered 
saline (PBS), dried, and stained with 0.5 % crystal violet solution. The biofilms were then 
visualized by light microscopy (Leica DMLB). For biomass estimations the stain was released 
with 10% acetic acid and optical density (OD595) was measured with a microtiter plate reader 
(Dutton et al., 2014).  
Biofilm development for confocal scanning laser microscopy (CSLM) 
Biofilms were grown in glass-bottom microwell dishes (35 mm diam., 14 mm 
microwell) (MatTek Corporation, Ashland, Mass.) exactly as described above. For visualizing 
C. albicans within biofilms, 2 µg Calcofluor ml-1 was incorporated into the YPTG growth 
medium to fluorescently label the fungal cells. Biofilms containing species of bacteria (with or 
without C. albicans) were fluorescently labelled with FITC (10 µM, 20 min) at the end of the 
experiments. The dishes were washed twice with PBS and the biofilms were visualized by 
CSLM with a Leica SP5-AOBS confocal microscope attached to a Leica DM I6000 inverted 
epifluorescence microscope.  
Dual-species biofilms of bacteria or three-species biofilms were subjected to 
fluorescence in situ hybridization (FISH) analysis by CSLM. Biofilms grown in glass-bottom 
microwell dishes were fixed with 4 % paraformaldehyde (2 h), washed twice in PBS and then 
incubated in hybridization buffer (0.9 M NaCl, 20 mM Tris-HCl pH 8.0, 0.01 % SDS, and 10-
30 % formamide depending upon the probe) containing 5 μg ml-1 fluorescently-labelled 16S 
rRNA-specific oligonucleotide probe for 150 min at 55 °C. The oligonucleotide probe 
sequences were described by Thurnheer et al. (2004) and were labelled (Eurofins Genomic 
Services Ltd., Wolverhampton, UK) as follows: S. oralis probe MIT447_488 (Alexa 488), A. 
oris probe ANA103_647 (Alexa 647) and C. albicans EUK516_555 (Alexa 555). Following 
hybridization the cover slips were incubated in washing buffer (20 mM Tris-HCl pH 7.5, 5 mM 
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EDTA, 0.01 % SDS, and between 159 and 636 mM NaCl depending upon the formamide 
concentration used during hybridization) for 15 min at 55 °C. After rinsing briefly in 0.9 % 
NaCl the biofilms were visualized by CSLM.  
Volocity® software was utilized to prepare three-dimensional (3D) images and Imaris® v7.5 
software (Bitplane AG, Zurich, Switzerland) was used to calculate biovolumes (µm3). 
 
Statistical analysis 
Data were processed by Prism 6 software at a confidence level of 95% using one-way 
ANOVA followed by Tukey test respective to the biofilms combinations. 
RESULTS 
Planktonic interactions of A. oris and S. oralis 
The wild type strains formed a wide range of different sized coaggregates, some 
containing thousands of cells (Fig. 1A,B). An A. oris Fim- strain lacking type 1 and type 2 
fimbriae did not coaggregate with S. oralis (Fig. 1C), and an S. oralis RPS- mutant did not 
interact with A. oris T14V or A. oris Fim- (Fig. 1D,E). 
 
Figure 1 Fluorescence micrographs of planktonic interactions between S. oralis and A. oris wild types 
and mutant strains. Streptococci were labelled with TRITC (red) and actinomyces with FITC (green), 
X 20 
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and incubated for 1 h as described in Material and Methods. Very large aggregates of S. oralis 34 and 
A. oris T14V developed containing thousands of mixed species cells (Panel A) and smaller aggregates 
were composed of similar numbers of the two cell types (Panel B). There was no coaggregation 
observed between S. oralis 34 and A. oris Fim  (Panel C), S. oralis 34 RPS- and A. oris T14V (Panel 
D), or S. oralis RPS- and A. oris Fim- (Panel E). Scale bars = 20 µm and x 20 magnification. 
Planktonic interactions of A. oris, S. oralis and C. albicans 
A. oris T14V and A. oris Fim- cells adhered to C. albicans hyphal filaments as single 
cells or clumps (Fig. 2A,B) and no specific regions of the filaments were targeted. Likewise, 
S. oralis 34 and S. oralis RPS- cells interacted with hyphae (Fig. 2C,D). The RPS- mutant 
strain formed shorter chains of cells than S. oralis wild type and more individual cells or cell 
pairs adhered to the hyphal filaments. In three-species groupings, A. oris T14V and S. oralis 
34 formed coaggregates as expected, and these coaggregates adhered to hyphae, in 
addition to single cell pairs or chains (Fig. 2E). Lack of fimbriae did not appear to affect the 
interaction of individual pairs or groups of A. oris Fim- with C. albicans hyphae (Fig. 2F), or 
interaction of the accompanying S. oralis cells with hyphal filaments. S. oralis RPS- cells also 
adhered to hyphal filaments (Fig. 2G) independently of A. oris T14V or Fim- cells (Fig. 2H). A 
single hyphal filament was able to support adhesion of both actinomyces and streptococcal 
cells. Therefore the interactions of A. oris or S. oralis cells with C. albicans can occur 
independently of fimbriae or RPS, respectively, and there is seemingly no direct competition 
for binding sites on the candidal hyphae.  
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Figure 2 Fluorescence micrographs of A. oris and S. oralis wild types or mutant strains with C. 
albicans. In Panels A-D, bacteria have been labelled with FITC (green) and C. albicans with Calcofluor 
(blue). A. oris T14V (Panel A) and A. oris Fim- (Panel B) bound to C. albicans as single cells (arrow a) 
or clumps (arrow b) at no specific site. Likewise, S. oralis 34 cells were often in chains (arrow c) that 
interacted with hyphae (Panel C), as did cell pairs of S. oralis RPS- (Panel D). The RPS- mutant strain 
formed shorter chains of cells than wild type and more individual cells or cell pairs adhered to the 
hyphal filaments (arrow d). In Panels E-H, wild type strains of A. oris and S. oralis formed 
coaggregates (Panel E) that adhered to hyphae (arrow e), in addition to single cell pairs or chains 
(arrow a). Lack of fimbriae did not appear to affect the interaction of individual pairs or groups of A. 
oris (arrow a) or S. oralis (arrow c) with hyphal filaments (Panel F). Neither did lack of RPS in S. oralis 
(Panel G) appear to affect streptococcal interactions with hyphal filaments (arrow a), but interestingly 
there were a few coaggregates with A. oris observed in these experiments (arrow f). Cells of S. oralis 
RPS- (arrow a) and A. oris Fim- (arrow b) were both able to interact with hyphae (Panel H) but as 
expected there was no bacterial coaggregation observed. Scale bars = 40 µm. 
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Interactions within biofilm temporal development 
Development of monospecies biofilms or dual-species biofilms on salivary pellicle 
over 5-7 h was visualized by light microscopy. C. albicans cells that were adhered to the 
pellicle substratum had formed short hyphae at 2 h, and more extensive networks of hyphal 
filaments at 5 h and 7 h (Fig. 3A) as previously reported (Dutton et al., 2014). A. oris T14V 
cells formed a confluent biofilm by 5 h, but virtually no biofilm was formed by the A. oris Fim- 
mutant (Fig. 3A), as reflected by biomass measurements (Fig. 4). When present in biofilms 
with C. albicans, A. oris T14V cells were relatively evenly distributed over the pellicle, as well 
as being associated with C. albicans hyphae (Fig. 3A). The A. oris Fim- strain in this case 
formed a dual-species biofilm with C. albicans by adhering to the hyphal filaments. S. oralis 
34 and RPS- mutant both formed confluent monospecies biofilms by 5 h, but the RPS- mutant 
biomass was significantly lower than strain 34 biomass (Fig. 4). In dual-species biofilms, the 
presence of the streptococci clearly stimulated formation of extensive networks of hyphal 
filaments (Fig. 3B). These results confirm that A. oris fimbriae and S. oralis RPS are not 
necessary for three-species biofilm formation with C. albicans, but that A. oris fimbriae are 
required for attachment to salivary pellicle in the absence of coaggregation partners.  
41 
 
 
Figure 3 Light micrographs of dual-species biofilms stained with crystal violet. In biofilms containing C. 
albicans, fungal cells were incubated at 37 
o
C with the pellicle surface for 2 h, removed and fresh 
medium was added, with or without bacteria, for 1 h. The medium was then removed, replaced by 
fresh medium, and biofilms were incubated for up to 7 h. For monospecies bacterial biofilms, bacterial 
cells were incubated with pellicle for 1 h, removed and replaced with fresh medium, and then 
incubated for up to 5 h. Panel A, C. albicans and A. oris. Note the following: there was virtually no 
biofilm formed by A. oris Fim- after 5 h; the presence of C. albicans reduced the biofilm coverage by A. 
oris T14V at 7 h; conversely, C. albicans provided receptors for biofilm retention of A. oris Fim- (inset 
bottom right hand panel shows coaggregates of C. albicans and A. oris Fim-). Panel B, C. albicans 
and S. oralis. Note the following: there was overall coverage of pellicle by S. oralis 34 and S. oralis 
RPS- at 5 h, but strain 34 formed more clusters; hyphal filament formation by C. albicans was greatly 
enhanced by S. oralis 34 and S. oralis RPS- at 7 h. Scale bars = 50 µm. 
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Figure 4 Biomass values for monospecies or dual-species biofilms grown on salivary pellicle for 7 h at 
37 
o
C. Biofilms were stained with crystal violet which was then released with 10 % acetic acid for 
biomass quantification (OD595). Error bars are ± SD for triplicates over two independent experiments (n 
= 2) * P < 0.05. 
Bacterial biofilm structure and architecture 
Monospecies or dual-species bacterial biofilms developed on salivary pellicle were 
then analyzed by confocal scanning laser microscopy (CSLM). After 6 h, A. oris T14V 
produced a biofilm consisting of growth clusters (Fig. 5A), while the A. oris Fim- mutant did 
not form a biofilm on pellicle (Fig. 5B), as previously noted (Fig. 3A). S. oralis 34 formed a 
dense biofilm of thickness ~15 µm that covered the pellicle surface uniformly (Fig. 5C), while 
the RPS- mutant formed a more sparse and very much thinner biofilm (Fig. 5D). These 
images show detail not deduced from the light microscopy images of fixed and stained 
biofilms (Fig. 3). In dual-species bacterial biofilms the components were resolved by FISH. In 
A. oris T14V-S. oralis 34 biofilms, actinomyces and streptococci were interdigitated within a 
confluent biofilm (Fig. 5E). However, very little growth of the A. oris Fim- mutant could be 
seen amongst S. oralis 34 (Fig. 5F) and biomass values of crystal violet-stained biofilms 
were significantly lower compared to dual species A. oris T14V-S. oralis 34 biofilms (Fig. 4). 
A. oris T14V formed luxuriant communities on the pellicle amongst the RPS- streptococcal 
biofilm (Fig. 5G). There were no interspecies interactions occurring in these biofilms, in the 
absence of RPS, and the two strains coexisted side by side. In dual-species biofilms 
containing both mutants, no A. oris Fim- cells were visible within the less dense biofilm of S. 
oralis RPS- cells (Fig. 5H), and the biomass values of crystal violet-stained biofilms were 
significantly reduced compared to dual-species A. oris T14V-S. oralis 34 biofilms (Fig. 4). 
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Figure 5 CSLM images of monospecies or dual-species biofilms formed on salivary pellicle after 6 h at 
37 
o
C. Biofilm images are presented in 3D (xyz) and side (xz) views. Panels A-D, bacteria were 
stained with FITC (green). Panels: A, A. oris T14V; B, A. oris Fim-; C, S. oralis 34; D, S. oralis RPS-. 
A. oris T14V produced a biofilm consisting of clusters of growth (A) while the A. oris Fim- mutant did 
not form a biofilm on pellicle (B). Note in (C) that the pellicle surface is covered uniformly by S. oralis 
34, while the RPS- mutant (D) showed a patchy distribution and a very much thinner biofilm. Panels E-
H, dual-species biofilms of A. oris (green) and S. oralis (red) detected by FISH. Panels: E, A. oris 
T14V + S. oralis 34; F, A. oris Fim- + S. oralis 34; G, A. oris T14V + S. oralis RPS-; H, A. oris Fim- + S. 
oralis RPS-. In (E) the actinomyces and streptococci are interdigitated within a confluent biofilm, while 
in (F) few A. oris Fim- cells are visible. In (G), A. oris T14V grows luxuriously in communities amongst 
the RPS- streptococci, while in (H) no A. oris Fim- cells are visible within the sparser biofilm of S. oralis 
RPS- mutant. Scale bars = 50 µm. 
Interkingdom biofilm architecture 
In biofilms of the bacterial strains together with C. albicans the first thing to note is 
that, in the presence of C. albicans, all of the bacterial strains were able to form biofilms. A. 
oris T14V was well integrated with C. albicans with both organisms attached to the 
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substratum (Fig. 6A), while A. oris Fim- was also well established but not evidently bound to 
pellicle (Fig. 6B). Streptococcal strains covered the areas of pellicle not occupied by C. 
albicans to form basal layers (Fig. 6C,D), with the C. albicans hyphae emanating into the 
environment. Biovolume measurements of these biofilms clearly show that A. oris Fim- is 
incorporated well into biofilms with C. albicans (Fig. 7A).  
In three-species biofilms, C. albicans and streptococci always predominated. A. oris 
T14V and S. oralis 34 colonized the pellicle with the upper surface layers of the biofilms 
almost completely consisting of C. albicans (Fig. 6E). Biovolume measurements suggested 
that ~25 % of the volume comprised streptococci while actinomyces comprised <10% of total 
biovolume (Fig. 7B). In biofilms containing A. oris Fim-, cells of the afimbrial mutant were 
associated with the C. albicans upper layers over a denser streptococcal basal layer (Fig. 
6F). In biofilms containing the S. oralis RPS- mutant, streptococci predominated within the 
basal layers together with clusters of A. oris T14V, similar to the effect observed in Fig. 5G, 
and there were fewer C. albicans (Fig. 6G). Incorporation of A. oris T14V into C. albicans-S. 
oralis RPS
-
 mutant biofilms on the basis of biovolume measurements was ~10-fold reduced 
(Fig. 7B) compared with C. albicans-S. oralis 34 biofilms. In three-species biofilms of S. oralis 
RPS-, A. oris Fim- and C. albicans, the A. oris Fim- mutant was least well-incorporated of all 
the strains (Fig. 7B) and was associated only with the top layer of C. albicans, while the S. 
oralis RPS- mutant formed a multi-layer biofilm on the pellicle substratum (Fig. 6H). Taken 
collectively the results suggest that A. oris, S. oralis and C. albicans are able to form 
polymicrobial biofilms. Furthermore, C. albicans can promote inclusion of bacteria into a 
biofilm even when the bacteria themselves do not physically coaggregate, or when they are 
impaired in attachment to salivary pellicle. 
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Figure 6 CLSM images of dual- or three-species biofilms of A. oris and S. oralis wild type and mutant 
strains with C. albicans. Biofilms were grown in YPTG medium as described in Materials and Methods 
for 6 h at 37 
o
C. All biofilms contained C. albicans. In Panels A-D, bacteria are stained green, C. 
albicans in red. Panels: A, A. oris T14V; B, A. oris Fim-; C, S. oralis 34; D, S. oralis RPS-; Note the 
distribution of C. albicans and A. oris within the layers of the biofilms (A), and in (B) where A. oris Fim- 
is clearly incorporated, the predominance of C. albicans within the layer in contact with pellicle. Two 
distinct cellular layers were seen in combinations of Candida with streptococci (C and D). Panels E-H, 
three-species biofilms of S. oralis (red), A. oris (green) and C. albicans (blue) detected by FISH. 
Panels: E, A. oris T14V + S. oralis 34; F, A. oris Fim- + S. oralis 34; G, A. oris T14V + S. oralis RPS-; 
H, A. oris Fim- + S. oralis RPS-. Note that the wild type strains of bacteria colonized the pellicle 
together, with hyphal filaments of C. albicans predominantly in the upper layers (E). A. oris Fim- cells 
were only barely visible in (F) while cells of A. oris T14V colonized the pellicle substratum in (G). C. 
albicans enabled the A. oris Fim- strain to become incorporated into the biofilm with S. oralis RPS-. 
Scale bars = 50 µm. 
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Figure 7 Biovolume measurements of monospecies and dual-species biofilms strains (panel A) and 
three-species biofilms (Panel B) shown in Fig. 6. Fluorescence was visualized by CSLM and quantified 
using Imaris® Bitplane software. Ca, C. albicans; Ao, A. oris; So, S. oralis. 
 
 
DISCUSSION 
S. oralis is an early colonizer of the salivary pellicle in dentate individuals (Diaz et al., 
2006). Actinomyces spp. are also found amongst the early colonizers of pellicle and are 
prominent components of the oral mucosal microbiota (Ellen, 1976). Therefore the presence 
of these bacterial species will almost always be an important consideration for C. albicans 
colonization of the oral cavity. A better understanding of these intermicrobial mechanisms 
and their capacity to influence C. albicans growth and persistence in the oral cavity may help 
to devise novel strategies to combat the wide range of infections caused by C. albicans in 
humans of all ages. 
It is well documented that S. oralis 34 produces a type 1Gn RPS with the repeating 
structure[-6Galfβ1→6GalNAcβ1→3Galα1-PO4
-→6GalNAcα1→3Rhaβ1→4Glcβ1→] (Yoshida 
et al., 2006), and that the GalNAcβ1-3Gal structure within the repeating unit is recognized by 
A. oris type 2 fimbriae (Cisar et al., 1988). This mediates interbacterial adhesion, and salivary 
flow biofilms of A. oris and S. oralis were diminished with type 2 fimbriae negative or RPS- 
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mutants, respectively (Yoshida et al., 2006). However, in other studies utilizing salivary flow 
cell biofilms it was shown that S. oralis 34 or A. oris T14V were able only to form dual-
species biofilms. Neither strain alone could form a biofilm under salivary flow, unlike the 
results presented here with different methodology. Moreover A. oris and S. oralis were 
deficient in planktonic growth in saliva. Therefore nutrient limitations in these experiments 
were overcome by forming dual-species biofilms (Palmer et al., 2001) and, under the 
conditions, interbacterial adhesion was essential for mutual metabolic benefit. By contrast, 
the experiments conducted in this current paper with a minimal growth medium under certain 
conditions showed that RPS production by S. oralis was not essential for biofilm formation on 
salivary pellicle. However, biofilms of S. oralis RPS- and A. oris T14V were comprised of 
patches of actinomyces and streptococci, as opposed to being interdigitated as within the S. 
oralis-A. oris wild-type biofilms. Thus, when nutritionally-sufficient conditions and available 
pellicle receptors are present, the ability to employ interbacterial adhesion is not absolutely 
necessary. On the other hand, fimbrial mutant strain A. oris Fim- was unable to form a 
monospecies biofilm on salivary pellicle, and unable to form a mixed species biofilm with S. 
oralis RPS-, consistent with the absence of both types of fimbriae. The S. oralis RPS- biofilms 
were patchy and much thinner than wild-type, and so the RPS plays a role in cell-cell 
interactions and biofilm formation by S. oralis 34. 
Interestingly, we did notice some interbacterial coaggregation of A. oris Fim- and S. 
oralis 34 in the presence of C. albicans. It is possible that there are additional coaggregation 
mechanisms between A. oris T14V and S. oralis 34 that are secondary to the fimbriae-RPS 
interaction. For example, we have recently shown that the S. gordonii SspB (antigen I/II-
family) protein binds to a polysaccharide receptor present on A. oris T14V (Back et al., 
2015). S. oralis 34 also carries an antigen I/II protein-encoding gene, and so the S. oralis 
antigen I/II protein might also act similarly. In addition, A. oris T14V carries cell-surface sialic 
acid (Jones et al., 1986), which could be a target for other S. oralis adhesins such as serine-
rich proteins (Zhou and Wu, 2009). 
Wild-type and mutant strains of A. oris or S. oralis were all able to bind C. albicans 
hyphal filaments. Fimbriae or RPS were clearly not requirements for interkingdom adhesion. 
Typically the bacteria, present as single cells, groups or coaggregates, bound to various sites 
along the C. albicans filaments. It is thought that C. albicans adhesins become clustered as 
nanodomains following their activation (Lipke et al., 2012) and so these sites possibly 
represent adhesin clusters. The interaction of S. gordonii cells with C. albicans involves the 
streptococcal antigen I/II protein SspB binding to Als3 protein present on hyphal filaments 
(Silverman et al., 2010). Again, since S. oralis 34 contains an antigen I/II family protein-
encoding gene, it is possible that this protein drives the S. oralis-C. albicans interaction. 
Further work generating mutants and heterologous protein-expression strains would be 
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required to confirm this. Als3 appears to be receptor for a range of different bacteria 
(Demuyser et al., 2015) and could also be the target of A. oris. However, potential adhesins 
of A. oris aside from type 1 and type 2 fimbriae are currently unknown.  
A. oris and S. oralis strains, wild type and mutants, were all able to form biofilms with 
C. albicans. The afimbriate mutant of A. oris was incorporated via interaction with C. 
albicans, since A. oris Fim- cells were unable to adhere to pellicle (Fig. 5). The S. oralis RPS- 
mutant formed thicker biofilms in the presence of C. albicans than in monospecies (Fig. 3 
and Fig. 6). One explanation for this is that C. albicans directly provides additional nutrients 
or more conducive environmental conditions for the streptococci. Alternatively, it is possible 
that RPS present in wild-type So 34 is normally an additional nutrient source for C. albicans 
thus providing the fungus with a growth advantage. A wide range of hydrolases are produced 
by C. albicans in the presence or absence of streptococci (Polacheck et al., 1987; Molloy et 
al., 1994; Bramono et al., 1995; Dutton et al., 2015) and so the RPS could be broken down 
into sugar residues for uptake by the fungus.  
In summary, C. albicans and S. oralis provide sites on pellicle for colonization by A. 
oris. In the absence of fimbriae production, A. oris is compromised in coaggregation with S. 
oralis (via type 2 fimbriae) and in adherence to salivary pellicle (via type 1 fimbriae), but is 
nevertheless incorporated into biofilms via binding to C. albicans. When C. albicans and S. 
oralis are mainly occupying pellicle binding sites, the A. oris cells tend to be found in the 
upper layers of the biofilm. Biofilm growth and hyphal filament production by C. albicans is 
enhanced by S. oralis, but this is dampened by the presence of wild type A. oris. Under these 
conditions, the bacterial cells mainly occupy the pellicle binding sites and form a lower biofilm 
layer, while C. albicans forms the upper biofilm layers. The dampening effect might be 
because of competition between the bacterial species for nutrients, or metabolic adjustment, 
or it could be that A. oris directly inhibits C. albicans (Guo et al., 2015).  
However, we saw no inhibition of C. albicans by A. oris in dual-species biofilms (Fig. 
6). In fact there is growth synergy between A. oris and C. albicans, and between S. oralis 
and C. albicans, resulting in augmentation of biofilm formation in each case. The three-
species biofilms that we describe here are thus able to become metabolically coordinated, 
with the adhesive interactions between the components determining their spatial distribution 
and overall architecture. Clearly C. albicans is well endowed with the ability to form a biofilm 
directly on salivary pellicle, or to benefit from two early colonizing bacterial species forming a 
biofilm into which the fungus can be incorporated and thrive. Since A. oris and S. oralis are 
also major colonizers of the buccal mucosa, they may also enhance C. albicans retention 
and growth at multiple oral cavity sites. 
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3 DISCUSSÃO  
É de suma importância compreender o processo de formação de biofilmes 
orais para que se possa aperfeiçoar as medidas de prevenção e de controle de 
doenças causadas por essas comunidades. Esta tese avaliou o desenvolvimento 
dos biofilmes orais mistos e a base molecular das interações que ocorrem entre os 
micro-organismos desta comunidade. 
O primeiro artigo discute a participação bacteriana nos biofilmes formados 
sobre resina acrílica utilizada para confecção de próteses dentais, e que também é 
frequentemente associada aos casos de candidíase oral, doença fungo-relacionada. 
Brevemente, a metodologia utilizada neste capítulo foi o desenvolvimento de 
biofilmes mono-espécies e mistos sobre discos de resina recobertos com película de 
saliva e avaliação após 1,5 e 24 horas. Os resultados mostram crescimento das três 
espécies em comunidades inter-relacionadas e com comportamento sinérgico entre 
si. Além disso, sugerem a cooperação física e metabólica entre S. oralis, A. oris e C. 
albicans, pois não é obrigatoriamente que interações sinérgicas entre espécies 
diferentes devam ocorrer, mesmo em condições de crescimento favoráveis para 
todas elas (Palmer et al., 2001). Baseado nos achados, este capítulo chama a 
atenção para o uso de medidas de controle bacteriano nos biofilmes relacionados à 
candidíase oral. 
O segundo artigo avalia a base molecular das interações que ocorrem 
entre os micro-organismos durante a formação dos biofilmes. Brevemente, cepas de 
bactérias mutantes em fímbrias e sacarídeo de superfície de A. oris e S. oralis, 
respectivamente, foram utilizadas para formação de biofilmes com C. albicans e 
entre si. Os biofilmes foram avaliados entre 1 a 7 horas de desenvolvimento e 
quantificados em 7 horas. Os resultados mostram que as interações sinérgicas 
ocorrem com C. albicans independentemente de fímbrias e de RPS, e que na 
presença do fungo, todas as cepas, mutantes ou silvestres, formam biofilmes. As 
imagens obtidas através de diversas microscopias sugerem que as ligações entre 
bactérias e fungo também não são dependentes de apenas um grupo de adesinas 
da superfície de C. albicans, sendo possível observar as bactérias aderias ao longo 
de toda a hifa. Baseado nesses achados, as fímbrias de A. oris e RPS em S. oralis 
possivelmente não seriam alvo de controle contra o desenvolvimento desses 
biofilmes.  
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Os dois artigos apresentam diferentes metodologias tanto para a 
quantificação dos micro-organismos, quanto para obtenção das imagens. Quando 
utilizada a resina acrílica, os micro-organismos foram quantificados através da 
determinação das unidades formadoras de colônias e também através do biovolume 
respectivo a cada biofilme. Estas duas análises foram complementares neste 
estudo, já que a quantificação das colônias de Candida em ágar pode ser 
comprometido devido à mudança fenotípica do fungo, e a quantificação através de 
marcadores de DNA aos micro-organismos não é comprometida com a mudança do 
fenótipo, porém não quantifica outros componentes do biofilme, como 
polissacarídeos e demais proteínas. Além disso, a resina acrílica possui rugosidade 
e permeabilidade que comprometeram tanto a visualização dos biofilmes corados 
com cristal violeta através da microscopia óptica, quanto à quantificação através da 
biomassa, já que absorve parte do corante. Assim, a adesão dos micro-organismos 
sobre a resina pode ser avaliada utilizando corantes fluorescentes para os biofilmes 
e visualizando-os através da microscopia de fluorescência, já que a resina não 
absorveu o corante utilizado na metodologia empregada. Esta análise, porém, não 
pode ser realizada no intuito de investigar os biofilmes desenvolvidos em 24 horas, 
pois o grande número de células e camadas impossibilitaria a distinção das 
espécies.  
Devido à observação acima, a investigação das interações microbianas e 
a quantificação celular no segundo artigo foram realizadas em biofilmes 
desenvolvidos em até 7 horas, tempo intermediário entre a adesão inicial (1,5) e 24 
horas. Porém, estas análises não puderam ser realizadas em biofilmes 
desenvolvidos sobre resina, devido à necessidade de utilizar variadas microscopias 
e diferentes técnicas e corantes para determinar os micro-organismos durante a 
investigação das interações microbianas. Neste caso, as lâminas de vidro (cover 
slips) foram o substrato mais favorável para desenvolver os biofilmes. Os micro-
organismos que compunham os biofilmes multi-espécies entre C. albicans e bactéria 
foram marcados com corantes e os biofilmes formados por diferentes bactérias ou 
tri-espécie foram hibridizados com sondas específicas, já que o corante FITC 
marcaria todas as espécies bacterianas, impedindo a diferenciação das mesmas. 
Mesmo com as limitações de cada metodologia, os resultados obtidos foram 
favoráveis aos objetivos de cada estudo.  
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Vale salientar que a formação de alguns biofilmes foi diferente na 
superfície de resina e de vidro, mesmo ambas sendo recobertas por saliva de 
mesma fonte e processamento. Mesmo que proteínas da saliva sejam reconhecidas 
como receptores pelos micro-organismos, as propriedades fisico-químicas de cada 
superfície influenciam a natureza dos componentes da saliva depositados 
(Jenkinson e Douglas, 2002). S. oralis cresce aderido às ranhuras da resina 
enquanto recobre toda a película sobre o vidro. Sabe-se que a rugosidade e a 
natureza da resina acrílica influenciam a forma de crescimento de S. oralis (Morgan 
e Wilson, 2001). O mesmo comportamento foi observado para A. oris. Mesmo assim, 
S. oralis parece atingir um platô de crescimento precoce, já que seu biofilme não 
altera em até 24 horas, diferentemente dos outros biofilmes mono-espécies. O 
comportamento de S. oralis não é apenas influenciado pelo substrato ao qual seu 
biofilme foi formado, pois na presença de C. albicans e A. oris, S. oralis cresce 
exponencialmente, o que caracteriza mais uma vez o sinergismo e mutualismo entre 
espécies. Nestes casos, o aumento dos sítios de ligação, a agregação entre eles e a 
co-agregação favorecem ao crescimento de uma cepa que por si só e em 
determinadas condições experimentais não desenvolvem. Já nos biofilmes multi-
espécies coletados entre 1,5 e 7 horas, há um padrão de crescimento nas duas 
superfícies.  
O comportamento microbiano foi comum aos dois estudos, como por 
exemplo, A. oris e S. oralis formam biofilmes mono-espécie nas condições utilizadas 
para resina e vidro. Ainda, A. oris diminui a adesão de células novas à película 
quando C. albicans está presente. A. oris parece utilizar Candida em seu benefício, 
preferindo os sítios de ligação no fungo do que iniciar a formação do biofilme aderido 
às proteínas da película. Este comportamento pode ser uma forma de melhor 
“sobreviver” nesta comunidade, buscando ligações mais fortes ou preferência por 
sítios de ligação diferentes para que se desenvolva no biofilme. Já S. oralis parece 
lidar com esta parceria como uma “via de mão dupla”, fornecendo nutrientes 
favoráveis ao crescimento fúngico que apresentará novos sítios de ligação para suas 
cadeias. Além disso, observa-se inicialmente o alongamento dos filamentos de C. 
albicans, e após um determinado tempo, o crescimento das células em número. É 
interessante chamar atenção para o comportamento dos colonizadores iniciais se 
aderirem às proteínas da película, mesmo C. albicans ter sido incubada inicialmente 
por 2 horas sem nenhuma outra cepa nos biofilmes mistos (excluindo A. oris Fim-). 
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As bactérias foram adicionadas posteriormente e mesmo assim se aderem aos sítios 
disponíveis na película, e não somente ao fungo, formando uma segunda camada 
de células (ver materiais e métodos dos dois artigos). 
A ausência das adesinas específicas nas bactérias mutantes resultou em 
diferentes distribuições e predominância de células nos biofilmes na presença de 
Candida. Candida diminui em número, S. oralis e A. oris se reorganizam 
quantitativamente nas combinações com um ou dois mutantes. Este comportamento 
pode ser resultado de alterações no meio e/ou moléculas de quorum-sensing 
estimuladas para a nova condição de falta de interação física entre os micro-
organismos, no intuito de favorecer o crescimento do biofilme como um todo. Nestes 
casos, todas as bactérias “sobrevivem” à nova condição presente na comunidade, 
porém em baixo número. Testes futuros envolvendo análise de moléculas de 
quorum-sensing são necessários para confirmação. 
A cooperação física entre os micro-organismos determinou a arquitetura 
de cada biofilme (ver imagens das combinações multi-espécie nos dois artigos). 
Para confirmar que as interações entre espécies não ocorreram devido às condições 
metodológicas adotadas, testes complementares foram realizados substituindo a 
suplementação com glicose  no meio YNBPT (crescimento dos biofilmes/suspensão) 
por glicosamina (C6H13NO5) na mesma concentração (APÊNDICE 2), pois sabe-se 
que as interações podem ser influenciadas pela fonte energética presente no meio 
(Dutton et al., 2014). As interações ocorreram de forma semelhante. Além do mais, 
para confirmar que as interações não são específicas a determinados sítios ao longo 
das hifas, testes também foram realizados com uma cepa mutante de C. albicans 
que não expressa a proteína quitina, presente nos septos dos filamentos, e as 
interações ocorreram de forma semelhante às apresentadas com a cepa silvestre 
(APÊNDICE 3). Adicionalmente, a cooperação entre espécies resultou em biofilmes 
mais bem organizados e que clinicamente poderiam trazer consequências para 
saúde do hospedeiro, como o aumento do número de hifas de C. albicans devido à 
presença de bactérias. Isto poderia contribuir com o aumento da virulência do 
biofilme. Adicionalmente, o aumento do número de bactérias devido ao crescimento 
conjunto com o fungo resultou em biofilmes mais espessos e que poderiam 
influenciar a permeabilidade dos antimicrobianos (Baillie e Douglas, 1998). Testes 
futuros com antifúngicos e antibióticos poderiam confirmar essas interpretações. 
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Por fim, esta tese apresenta dois estudos sobre biofilmes mistos e buscou 
pontuar conclusões que influenciariam os cuidados com a saúde oral dos pacientes 
usuários de próteses ou acometidos por doenças biofilme relacionadas. Estudos 
com diferentes metodologias são necessários para avaliar a participação bacteriana 
nos biofilmes formados sobre resina acrílica e também outras vias de interação entre 
as espécies. Ainda é pouco o conhecimento sobre as interações microbianas e 
sobre os meios pelos quais os micro-organismos burlam as variações do ambiente 
para continuar desenvolvendo na forma de biofilmes. Então, também é necessária a 
investigação de outros componentes participativos nessas interações e de estudos 
in vivo objetivando novos insights para controle de biofilmes desenvolvidos em 
condições clínicas. 
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4 CONCLUSÃO 
Dentro das limitações deste estudo, conclui-se que as bactérias colonizadoras 
iniciais S. oralis e A. oris interagem entre si e com C. albicans nas formas 
planctônicas e de biofilmes, e as interações interespécies com o fungo são 
independentes de RPS de S. oralis e fímbrias I/II de A. oris. A ausência destas 
adesinas influenciou a organização e prevalência das cepas em biofilmes mistos.  
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APÊNDICES  
 Apêndice 1: Tabela suplementar citada no Artigo 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1: Colony-forming units (CFU/mL) of multi-species biofilms developed at adhesion phase 
and 24 hours of development (n = 2, Mean ± SD x 10
6
). To simulate the order that the 
adhesion occurs in the mouth, each bacteria grown firstly without Candida for 1.5 h and after 
the fungus was added and incubated for more 1.5 h. After 3 h, both grown together until 24 h.  
* (P < 0.05) 
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Apêndice 2: Interações utilizando glucosamina no meio de desenvolvimento dos 
biofilmes como fonte alternativa de carboidratos. 
 
Imagens da microscopia de fluorescência das interações planctônicas entre bactérias de 
cepas silvestres e mutante de A. naeslundii (oris) em  meio YNBPT suplementado com 
glucosamina. Setas indicam as ligações entre os micro-organismos. Controle de interação 
microbiana com a combinação Ca + S. gordonii. Imagens na ampliação de 40 x. 
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Apêndice 3: Interações utilizando cepa mutante de C. albicans que não expressa a 
proteína quitina (- Ch3∆O) nos septos da hifa. 
Imagens da microscopia de fluorescência das interações planctônicas de A. oris (cepas 
silvestre e mutante) com C. albicans (cepa silvestre e mutante da proteína quitina). Setas 
indicam a is ligações entre as cepas. Imagens na ampliação de 40 x. 
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ANEXOS  
  Anexo 1: Certificado do Comitê de ética em Pesquisa FOP/UNICAMP. 
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Anexo 2: Comprovante de submissão e aceite do Artigo 1 no periódico 
Journal of Pathogens and Disease. 
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Anexo 3: Comprovante de submissão e aceite do Artigo 2 no periódico Molecular 
Oral Microbiology. 
 
 
 
 
 
 
